In order to utilise the full potential of carbon nanotubes/nanofibers, it is necessary to be able to synthesize well aligned nanotubes/nanofibres at desired locations on a substrate. This paper examines the preferential growth of aligned carbon nanofibres by PECVD using lithographically patterned catalysts. In the PECVD deposition process, amorphous carbon is deposited together with the nanotubes due to the plasma decomposition of the carbon feed gas, in this case, acetylene. The challenge is to uniformly nucleate nanotubes and reduce the unwanted amorphous carbon on both the patterned and unpatterned areas. An etching gas (ammonia) is thus also incorporated into the PECVD process and by appropriately balancing the acetylene to ammonia ratio, conditions are obtained where no unwanted amorphous carbon is deposited. In this paper, we demonstrate high yield, uniform, 'clean' and preferential growth of vertically aligned nanotubes using PECVD.
INTRODUCTION
There has been considerable interest in the application of nanotubes in nanoelectronic devices [1] [2] [3] [4] , scanning probes [5] [6] [7] , field emission sources [8] [9] [10] and supercapacitors [ 11 ] . The common techniques of depositing nanotubes include high pressure arcs, laser ablation and chemical vapour deposition (CVD) [12] [13] [14] [15] [16] [17] [18] . Unlike the former two deposition methods, CVD synthesis provides controlled, in-situ growth of nanotubes on substrates.
The growth mechanism of carbon nanotubes by CVD is driven by the decomposition of a hydrocarbon gas using a suitable catalyst, the dissolution of carbon in the catalyst and the precipitation of graphitic, tubular carbon from the catalyst. Arrays of 'spaghetti-like' nanotubes and aligned carbon nanotubes have been deposited using various types of CVD [19] [20] [21] [22] . It has also been reported recently that PECVD processes induce alignment of the nanotubes due to the electric field inherent in the plasma discharge [18, 19, 21, 23] .
Patterned growth of nanotubes is achieved by lithographically defining the catalyst areas before nanotube growth. The key requirements for the patterned growth of nanotubes are yield, uniformity and the elimination of unwanted carbonaceous by-products from the deposition process. These requirements are investigated in this paper and we demonstrate uniform preferential growth of aligned nanotubes using PECVD of acetylene and ammonia gases at 700 0 C.
W9. 1.1 EXPERIMENTAL DETAILS
Due to the catalytic growth nature of carbon nanotubes, it is possible to define the growth areas of carbon nanotubes on a substrate by pre-patteming the catalyst prior to nanotube deposition. The nickel catalyst used in the synthesis of carbon nanotubes was deposited onto Si substrates by rf-magnetron sputtering and patterned lithographically using lift off. Nickel was either deposited directly on Si or on a diffusion barrier material to study if the thermal diffusion of Ni affects the yield of nanotubes. The substrates were then transferred to a PECVD chamber which was evacuated to 10-2 Torr by a rotary pump. The carbon feedstock and etching gases used for the PECVD process were acetylene and ammonia respectively. The flow rate of ammonia (NH 3 ) was fixed at 200sccrn and the flow rate of acetylene (C 2 H 2 ) was varied to find optimal deposition conditions.
The carbon nanotube deposition process consists of 2 main stages: (1) first, the substrates were heated to 700"C in NH 3 and nickel nanoparticles are formed [19, 23] , and (2) the C 2 H 2 is introduced and the substrate is biased at -600V d.c. to initiate the plasma discharge for PECVD. The PECVD deposition time was fixed at 15 mins for all samples. The substrates were then observed in a Hitachi S800 Field Emission Scanning Electron Microscope. Our deposition process produces vertically aligned carbon nanotubes and further details can be found in [23] . The nanotubes produced contain structural defects and are sometimes referred to in the literature as nanofibers. 
RESULTS AND DISCUSSION
Poor yield of nanotubes, from I ptm diameter dots of Ni, is observed when the nickel catalyst is directly deposited on the Si substrates (see Figure 1 (a) ). This is believed to be due to the thermal diffusion of Ni into Si to form NiSix at temperatures above 300'C. Thus, the Ni is no longer 'active' to act as catalytic nucleation centers for the growth of nanotubes. The deposition yield of carbon nanotubes is significantly improved by depositing a diffusion barrier layer between the Ni catalyst and the Si substrate. Typical diffusion barrier materials are Si0 2 and TiN [24] . When the substrate is heated to 700'C, the Ni film breaks up and forms nanoparticles on the diffusion barrier as shown in Figure 1 (b) . These Ni nanoparticles remain 'active' on the diffusion barrier for the nucleation of nanotubes and a high yield of nanotubes from I pm dots of Ni is obtained after the PECVD process as shown in Figure 1 
(c). High yield of nanotubes is observed when Ni are formed on a TiN diffusion nanotubes is obtained catalyst is deposited directly on
barrier when the substrate is from I pim Ni dots on the Si. This is due to the thermal heated at 700'C. These nanodiffusion barrier after diffusion of Ni into Si which particles are 'active' for PECVD of acetylene and renders most of the Ni 'inactive'. catalytic nanotube growth. ammonia at 700'C.
A by-product from the PECVD deposition of nanotubes is amorphous carbon (a-C). Unlike nanotube growth which occurs only at catalyst sites, a-C is formed by the plasma decomposition of the C 2 H 2 gas and thus is deposited all over the substrate. The role of NH 3 in the plasma is to etch away the a-C as it is being deposited. Keeping the NH 3 flow rate fixed at 200sccm, the C 2 H 2 flow rate was varied in a series of depositions to determine the optimal conditions at which no a-C remains on the substrate. The thickness of surface a-C was determined using a combination of cross sectional SEM and depth resolved Auger Electron Spectroscopy [25] and the results are plotted in Figure 2 . Deposition gas ratios of 15% and 20% C 2 H 2 :NH3 do not produce amorphous carbon on the substrate. For depositions performed under a low concentration C 2 H 2 (ie. high NH 3 ), anisotropic etching of the Si substrate in the unpatterned areas is observed as shown in Figure 3(a) . For a high C 2 H 2 ratio of 75%, we observe a thick a-C film covering both the nanotube and unpatterned areas as shown in Figure 3(b) . The growth of the a-C proceeds in a columnar-like fashion and is 800nm in thickness as shown in Figure 3(c) . Depositions performed using a 20% C 2 H 2 ratio do not exhibit etching of the Si substrate nor have a surface a-C layer. (left) and unpatterned areas grows in a columnar-like (right). structure. Uniform, patterned arrays of vertically aligned nanotubes have been deposited using the optimal deposition gas ratio of 20% C 2 H 2 :NH 3 . The patterned Ni catalyst areas of Figure 4 were prepared using optical lithography. When the patterned Ni features are reduced to -100nm using ebeam lithography, the nickel film forms only 1 nanoparticle when annealed at 700'C. Hence, it is possible to nucleate single nanotubes at precise locations as demonstrated in Figure 5 . Figure 5 (a). Grid lines of Figure 5 (b). Precise placement of nanotubes is nanotubes produced using 100nm demonstrated using the MRS Spring 2001 logo. The lines of Ni patterned using ebeam logo was produced using 100nm nickel dots patterned lithography, using ebeam lithography.
CONCLUSIONS
Preferential deposition of vertically aligned carbon nanotubes using lithographically patterned Ni catalyst has been achieved using PECVD of C 2 H 2 and NH 3 at 700'C. The two step growth process consists of Ni forming nanoparticles at 700'C and then PECVD to deposit the nanotubes. Nanotube yield is significantly improved by the use of a diffusion barrier to prevent the diffusion of Ni into Si. The PECVD gas ratio of 20% C 2 H 2 :NH 3 elminates unwanted a-C from the deposition process. These are the conditions necessary to produce high yield, uniform, 'clean' and selective/preferential growth of vertically aligned nanotubes.
